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Abstract 
 The fabrication of inorganic transparent conductive oxide films on polymer substrates 
has been of increasing interest due to their potential applications in the field of flexible 
electronics. The subject of the present work is replacing the preferably-used indium tin oxide 
films by an aluminium zinc oxide (AZO) film in ZnO-nanorod-based devices, combining the 
role of the seed layer for nanorod growth with a sheet resistance lower than 100 Ω/sq. The 
investigated AZO films with thickness up to 300 nm were deposited on 150 µm thick 
polyethylene terephthalate substrates by (i) radio-frequency magnetron sputtering from a 
ZnO/Al2O3 target and (ii) co-sputtering from ZnO and Al targets in an argon atmosphere. 
AZO films with good transparency and thickness of 160 nm and sheet resistance lower than 
100 Ω/sq were prepared by co-sputtering. It was found that co-sputtering leads to lower film 
resistivity due to better activation of Al atoms in the AZO film. ZnO nanorod growth was 
demonstrated on both types of film, and the co-sputtered AZO films were covered by a pure 
(undoped) ZnO film to improve the ZnO nanorod morphology. 
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1. Introduction  
Transparent conductive oxides (TCOs) are a class of material that combines high 
optical transmittance in the visible spectrum with a resistivity below 10-3 Ωcm. Indium tin 
oxide (ITO) and Al-doped zinc oxide (AZO) thin films are the most used TCOs, which are 
widely applied as transparent electrodes for various applications such as liquid crystal 
displays, organic light emitting diodes and thin film solar cells. AZO films are considered a 
cheap and non-toxic alternative to ITO, but it is more difficult to achieve similar values of 
resistivity. 
 Fabrication of inorganic TCOs on polymer substrates has been of increasing interest 
due to their potential applications in the field of flexible electronics. Nevertheless, the 
brittleness of inorganic thin films often results in a failure of the flexible electronic devices 
due to strains formed during stretching, folding or bending. The higher the film thickness, the 
lower is the strain required to initiate cracks in the film [1]. Thus, achieving the appropriate 
characteristics at the lowest possible film thickness is very important for their use in the field 
of flexible devices. However, lower TCO film thickness h results in higher sheet resistance Rs 
according to relation Rs = ρ/h, where ρ is the resistivity of the film. Values of Rs for specific 
resistivities are shown as lines in Fig. 1. The grey area in the graph denotes the suitable sheet 
resistance of TCO films, which should be lower than 100 Ω/sq. This means that the maximum 
permissible resistivity of a film with thickness 100nm is 10-3 Ωcm. Sheet resistance evaluated 
from the values published by several authors [2-7] are also included. The white and red 
symbols denote films prepared without heating, and at temperatures higher than 250°C, 
respectively. These results illustrate the difficulty of ensuring suitable sheet resistance of low-
thickness films if temperature-sensitive substrates are used. 
 The subject of the present work is replacing the preferably-used ITO film by an 
AZO film in ZnO-nanorod-based devices. These devices usually include a 100 nm-thick ITO 
layer as TCO and a ZnO film as a seed layer for nanorod growth [8-11]. Our main aim is to 
combine the role of the seed layer for nanorod growth with a sheet resistance lower than 100 
Ω/sq in a single ZnO-based thin film.  
 
 
Fig. 1: Calculated sheet resistance as a function of ZnO:Al film thickness at resistivity 2x10-4 , 
10-3, 3x10-3 and 10-2 Ωcm. The symbols denote the specific values taken from Li  et al. [2] 
(circle), Bikowski et al. [3] (stars), Lee et al. [4] (triangles up), Rahmane et al. [5] (triangles 
down), Seo et al. [6](squares) and Hao et al. [7] (diamonds).  The white and red symbols 
denote films prepared without heating and at temperatures of 250°C and higher, respectively. 
Suitable sheet resistance is lower than 100 Ω/sq (grey area). The lines denotes the sheet 
resistance for specific value of film resistivity. 
 
 
2. Experimental setup 
 In this study all deposition was performed in a BOC Edwards TF 600 coating system, 
which is equipped with two magnetrons for targets with a radius of 76.2mm. One magnetron 
is connected to a radio-frequency (RF) power supply and the second is connected to a DC 
power supply. The investigated films were prepared by two methods: (i) RF sputtering from a 
ceramic ZnO/Al2O3 (98 wt%/2 wt%) target in an argon atmosphere and (ii) co-sputtering in  
an argon atmosphere from pure ceramic ZnO and Al target attached to RF and DC 
magnetrons, respectively. The Al content in the films prepared by co-sputtering was 
influenced by the DC power which was varied from 4 to 15 W.  Such power range should 
provide an Al concentration of close to the Al concentration in ZnO/Al2O3 target and 
solubility limit of Al in ZnO (1.8 at%) [12]. All others deposition parameters were the same in 
both processes. The RF power was set to 300 W to minimize the influence between RF and 
DC magnetrons. The films were deposited on polyethylene terephthalate (PET) and Corning 
glass substrates. The substrate holder, heated at 100°C, was at floating potential.  The 
substrate holder was rotated during deposition to ensure thickness homogeneity. The pressure 
of the Ar atmosphere was kept at 0.68 Pa by an Ar flow of 6 sccm. 
 The chemical surface composition of the coatings deposited on glass was studied by 
X-ray photoelectron spectroscopy (XPS). The XPS system (SPECS components XR50, 
Phoibos 100) with a base pressure below 5x10-7 Pa was used. The surface charge was 
corrected by setting the aliphatic carbon in C 1s peak to 284.5 eV. In the measurement, a Mg 
X-ray source and an Al X-ray source at 12 kV and 200 W were used without 
monochromators. The surface composition was calculated from XPS spectra using the 
standard relative sensitivity factors (RSF) from CasaXPS for the Al anode as follows C 1s (1), 
O 1s (2.93), Zn 3p (2.83) and Al 2s (0.753) .  
 The film resistivity, Hall mobility and carrier concentration were measured on square 
samples (8x8 mm2) at room temperature by the Van der Pauw method using a Hall 
Measurement System (MMR Technologies). The surface morphology was observed using 
scanning electron microscopy (SEM) JEOL JSM 7600F at an operating voltage of 15 kV. 
ZnO nanorod morphology was studied using an FEI Inspect-F scanning electron microscope 
at an operating voltage of 20 kV. For the optical studies UV-Vis spectrophotometry 
measurements of the films were made using double-beam UV-Vis spectrophotometer Specord 
210 (AnalyticJena AG) over the spectral range 190-1100 nm. Normal transmission data were 
obtained from films deposited on corning glass.  
 Many techniques are available for the growth of ZnO nanorods, generally based on the 
decomposition of a zinc salt in aqueous solution in the presence of an amine, such as 
hexamethylenetetramine (HMT) [13], potentially with additives such as ammonium 
hydroxide [14], and/or PEI [15]. In addition, it is also possible to dope the nanorods during 
growth, for example with Al, to make AZO nanorods [16]. In this study, for simplicity, a 
basic ZnO nanorod synthesis was used to demonstrate the principle, where the AZO-coated 
PET substrates were immersed face-down in an equimolar solution of 25 mM HMT and zinc 
nitrate and heated to 90°C for 24h [17]. 
 
 
 
3. Results 
 AZO films with thickness from 30 to 300 nm were first deposited from the ceramic 
ZnO/Al2O3 target. The obtained values of the film resistivity as a function of the film 
thickness are displayed in Fig. 2. The grey area denotes the values resulting in a sheet 
resistance lower than 100 Ω/sq. The value of 2.10-4 Ωcm, which is often presented as the 
minimal possible resistivity of AZO films [18], is marked by the solid red line. It is usually 
important to provide at least three requirements to deposit AZO film with this low value of 
resistivity by magnetron sputtering, as follows. Firstly, the substrate temperature should be 
high enough (more than 200°C) to ensure high quality of the polycrystalline structure. This 
cannot be achieved on PET substrates due to a maximum working temperature between 120 
and 170 °C. Secondly, the elimination of the influence of high energy negative ions on the 
growing film is very important. These negative oxygen ions are formed on the target surface 
and accelerated by the full target potential perpendicular to the target surface [19]. The impact 
of high energy oxygen ions can increase the AZO film resistivity by several orders of 
magnitude [20]. In our case, the effect of ions is limited because the targets are not aimed 
directly at the centre of substrate holder, where the substrates were placed during deposition. 
Thirdly, the film thickness should be a few hundreds of nanometers to eliminate the influence 
of the thin interfacial layer on these substrate, which does not contribute to electrical 
conductivity [21]. This effect is reflected in the measurement of resistivity, especially if the 
thickness of the AZO film is less than 50 nm, as the measured data in Fig. 2. The measured 
data also show that a suitable resistivity was only reached at a film thickness of about 300 nm, 
which is too high due to the risk of crack formation. The change of other depositions 
parameters such as RF power and pressure or using a mixture of Ar+O2 has not improved the 
electrical conductivity of AZO film sputtered from a composite target. Therefore, AZO films 
prepared by the co-sputtering method were investigated. 
 
 
  
 
 
 
Fig. 2: Resistivity of AZO films deposited from a ZnO/Al2O3 target as a function of film 
thickness. The grey area denotes where the resistivity ensures a sheet resistance lower than 
100 Ω/sq. The reported minimal possible resistivity of AZO films 2.10-4 Ωcm is marked by the 
straight solid red line. 
 
 
 
Films with thicknesses of approximately 150 nm and 220 nm were prepared by co-
sputtering from ZnO and Al targets in Ar. The values of resistivity as a function of DC power 
are shown in Fig. 3. For comparison, the resistivity of the films with similar thickness 
sputtered from a ZnO/Al2O3 target are marked by the blue lines. It is evident that co-
sputtering allows AZO films to be deposited with resistivity up to three times lower. 
Moreover, the obtained data confirms that the higher film thickness results in lower 
resistivity. Unfortunately, some of the deposited films become less transparent, especially if 
the DC-power is more than 8 W, as shown in Fig. 4. The transmittance of the AZO film 
prepared from the ZnO/Al2O3 target is also included. Nevertheless, the film prepared by co-
sputtering at DC-power of 8 W (marked by the letter a) exhibit lower resistivity (Fig. 3) and 
the same transparency (Fig. 4) as the film sputtered from a ZnO/Al2O3 target. The adequately 
transparent AZO films exhibit lower value of resistivity (1.4×10-3 Ωcm) in comparison with 
the best resistivities (2.0×10-3 Ωcm) of the AZO films of similar thickness prepared at low 
temperature reported by Lee [4] and Rahmani [5]. This means that there is a process window 
allowing a transparent thin film with lower resistivity compared to the film sputtered from a 
ZnO/Al2O3 target to be prepared, but it is necessary to pay more attention to improving the 
control of the co-sputtering process. Results denoted by (a) and (b) obtained from the film 
prepare at PDC = 8 W are slightly different. We assume that the oxygen sputtered from ZnO 
target can react with aluminium and partly covers the Al target surface. Aluminium oxide 
exhibits a much lower sputtering yield and thus fewer Al atoms are sputtered from the more 
oxidized Al target. This is a similar effect to the well-known target poisoning during reactive 
magnetron sputtering. The less transparent films probably exhibit more Al atoms due to the 
less poisoned target during deposition. This idea is supported by the difference of the average 
DC bias voltage -249 V and -232 V at the same DC power (8 W). A higher negative voltage 
corresponds to a less oxidized target and thus higher concentration of Al in the less 
transparent film as confirm XPS data in table 1. Accurate determination of the Al 
concentration would require precise control of the discharge voltage and power on the DC 
magnetron. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Fig. 3: The resistivity of the films prepared by co-sputtering in argon at different DC 
discharge powers. The less-transparent films are included in grey-hatched area. The letters 
(a) and (b) denote the films prepared at the same DC power, which exhibit slightly different 
transmittance and resistivity, see Fig 4.  
 
 
 The resulting sheet resistance of all prepared films are summarized in Fig. 5. Values of 
Rs for specific resistivities are shown as lines. Suitable values are reached at a film thickness 
of about 150 nm and the sheet resistance of the film with thickness about 220 nm is ~50 Ω/sq. 
If high transparency is necessary, the sheet resistance is still less than 80 Ω/sq. In comparison, 
a film thickness of 300 nm is needed when sputtering from a ZnO/Al2O3 target as discussed 
above.  
 
 
 
 
 
 
 
 
Fig. 4: The transmittance spectra of the films with thickness ~220 nm on the glass substrate, 
prepared under different deposition conditions. The inset shows transmittance close to the 
absorption edge. The letters (a) and (b) denote the films prepared at the same DC power, 
which exhibits slightly different transmittance and resistivity, see Fig 3.  
 
 
 Fig. 5: Sheet resistance of the sputtered films as a function of the thickness. The lines denote 
the sheet resistance for specific values of film resistivity. 
 
 
 
 The XPS study of AZO samples prepared by both techniques detected only the 
expected elements Zn, O, C and Al. The binding energies of the photoelectron peaks taken on 
investigated samples were practically identical. All samples exhibited practically identical 
binding energies for the elements, therefore only the results from selected coating example are 
presented in Fig. 6 and 7. The survey spectra show multiple loss energy peaks, resulting from  
non-elastic electron scattering processes, as it also reported in literature [22] and characteristic 
Auger peak Zn LMM. A simple way to identified peaks not related to photoelectrons is to 
compare survey spectra taken with Al and Mg anodes (different photo energies), see in Fig. 6.   
The detail analyses detected systematic difference in area/RSF ratio between Zn 2p, Zn 3s and 
Zn 3p photoelectron peaks, see in Fig 7a. and 7b, where information from approx. top 3 nm 
and approx. 7 nm is kept, respectively. There is relatively less zinc in the top 3 nm area than 
the top 7 nm area, which indicates presence of the carbon above the AZO coating, therefore 
we conclude that the carbon is not part of the AZO film itself. The Al/(Al+Zn) ratio were used 
to compare the AZO films, see table 1.  
The Zn 2p single peak character in each spin state and position of Zn LMM peak 
indicates a presence of ZnO, see Fig. 6. The peak position located at around 1021 eV is 
assigned to the Zn 2p3/2, confirming that the zinc exists in the +2 oxidation state in the ZnO 
host lattice [22, 23]. Al 2s was detected at about 118.3 eV as it is typical for Al2O3 and AlOH 
[23] but the concentration of Al is very low for precision chemical state detection, see Fig. 7b. 
Moreover the Al 2s peak is influenced by a loss peak from Zn 3p and the Al 2p peak is 
influenced by a satellite peak from Zn 3p due to the non-monochromatic X-ray source. The O 
1s spectrum in Fig. 7c show the existence of two components O1 and O2 positioned at around 
530 eV and 531.5 eV corresponding to O2- and –OH groups on the surface, respectively [22, 
24]. The detail analysis of the O 1s spectra showed a small but systematic decrease in the 
O1/O2 ratio at higher PDC on co-sputtered AZO films, see Table 1. Composite target deposited 
films had an even smaller ratio. 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Survey XPS spectra acquired with Al anode and Mg anode (10 times attenuated for 
readability) with inset showing calibrated C 1s photoelectron peak of the AZO films deposited 
from ZnO/Al2O3 target. 
  
 The Hall mobility and carrier concentration of the selected films are listed in Table 1.  
The co-sputtered films exhibit a higher carrier concentration and thus lower resistivity, 
although the Al concentration is lower in comparison with the film deposited from the 
ZnO/Al2O3 target. This means that more Al atoms are acting as donors if the co-sputtering 
regime is used. This could be related to the lower probability of forming secondary phases 
such as Al2O3, due to lower amounts of oxygen in the growing film. The formation of these 
phase can lead to the electrical deactivation of the dopant [18] 
  
. 
 
Table 1. The deposition method, applied DC power PDC, thickness h, Al/(Al+Zn) and O1/O2 
ratios obtained by XPS,  resistivity ρ, carrier concentration n, Hall mobility µ and sheet 
resistance Rs 
 
 
Deposition 
method 
PDC 
(W) 
h 
 (nm) 
Al/(Al+Zn) 
 (%) O1/O2 
ρ 
 (10-3Ω .cm) 
n  
(1020cm-3) 
µ  
(cm2/Vs) 
Rs 
 (Ω/sq) 
ZnO/Al2O3 
0 162 4.19 1.38 3.53 1.97 9.0 218 
0 221 4.24 1.39 2.68 2.09 11.1 121 
Co-sputtering 
4 158 0.71 1.76 3.59 1.06 16.3 223 
8 161 2.25 1.75 2.50 2.05 12.2 161 
12 155 7.91 1.40 1.88 2.92 11.3 113 
4 221 1.24 1.75 2.49 1.30 19.3 113 
8(a) 227 1.79 1.62 1.77 2.54 13.9 78 
8(b) 214 5.10 - 1.27 3.82 12.9 59 
12 218 5.72 1.59 1.18 4.21 12.6 54 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7:  (a) High resolution XPS spectra of Zn 2p, (b) detail spectra of Al region and (c) high 
resolution spectra of O 1s peak of the AZO films deposited from ZnO/Al2O3 target 
 
 
 The films deposited on PET substrate from a ZnO/Al2O3 target with thickness of 145 
nm and 210 nm were tested as a seed layer for growth of ZnO nanorods. Prior to nanorods 
growth, the surface morphology was observed by SEM, see Fig. 8a and 8b. Both surfaces are 
homogeneous without any voids and cracks. The morphology of the thicker AZO film 
exhibits larger grains. The as-grown nanorods (see Fig. 9a and 9b) show a more developed 
structure on the thicker films resulting in longer nanorods. This likely results from a better 
nucleation and growth on the more developed grain structure of the thicker film.  
 
 
 
 
 
Fig. 8:  Surface morphology of the films tested as a seed layer for nanorod growth. SEM 
micrographs were collected from AZO films prepared by sputtering from a ZnO/Al2O3 target 
with thickness (a) 145 nm and (b) 210 nm, (c) from 214 nm thick AZO film prepared by co-
sputtering at DC power 8 W and (d) from AZO/ZnO film prepared by co-sputtering 
Fig. 9: SEM micrographs of ZnO nanorods grown on the AZO films prepared by sputtering 
from a ZnO/Al2O3 target with thickness (a) 145 nm and (b) 210nm and from an AZO/ZnO film 
prepared by co-sputtering (c). 
 
 
The surface morphology of the AZO film prepared by co-sputtering is shown in Fig. 
8c. If co-sputtering is used, the film structure is much finer, which is not suitable for ZnO 
nanorod seeding [25]. Thus, the AZO films was covered by the pure ZnO to improve the seed 
layer ability. A 165 nm AZO film was sputtered at a DC-power of 8 W and then the DC 
power supply was switched off and 55 nm was deposited as pure ZnO. The surface 
morphology of the AZO/ZnO structure is shown in Fig. 8d and the nanorods grown on it are 
shown in Fig 9c. The nanorods length and width vary between 500-700 nm and 40-150 nm, 
respectively. The nanorods are much longer and wider than those grown on either of the films 
from the composite target, which may result from the larger grains of this film, but also 
possibly the better nucleation on the intrinsic ZnO layer which was sputtered on top of the 
AZO film, facilitated by the co-sputtering process. The ZnO layer was not combined with the 
AZO film prepared from the ZnO/Al2O3 target because of the need to vent the vacuum 
chamber and change the targets between AZO and ZnO depositions. Fabricating the 
AZO/ZnO film without changing the deposition system is an advantage of co-sputtering. 
 
4. Conclusion 
 Transparent conductive AZO films were prepared by two methods on PET substrates 
at temperature of 100°C. It was found that co-sputtering enables the deposition of 
approximately 160 nm thick AZO films with sheet resistance below 100 Ω/sq and 220nm 
thick AZO films with sheet resistance below 60 Ω/sq due to more Al atoms acting as donors 
in comparison to films deposited from a ZnO/Al2O3 target, which could only produce 
resistance below 100 Ω/sq when 300 nm thick.  Moreover, co-sputtering allows the deposition 
of AZO/ZnO film, which was tested as a seed layer for ZnO nanorods growth, and showed 
improved nanorod growth compared to films deposited from the composite target. 
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